The Mendocino transform fault is an active, dextral strike-slip zone that separates the Gorda plate from the Pacifi c plate in the NE Pacifi c Ocean. The compositions of the igneous rocks exposed along the southern margin of the Mendocino transform fault include tholeiitic and alkaline basalts. Majorelement, trace-element, and radiometric data suggest that the rocks were generated through fractionation of different parental melts, derived by varying degrees of partial melting from different depths, at or near the intersection of the Mendocino transform fault with the Gorda Ridge. There is evidence for extensive cooling and fractionation reminiscent of the transform-fault effect of Langmuir and Bender (1984). Alkaline and highAl compositions also argue for melts from a deeper source than a normal mid-ocean-ridge environment. The preferred geochemical analogue for the Mendocino transform fault is a failed rift system where mid-ocean-ridge basalt (MORB) compositions likely represent basalts created at a waning spreading center before its abandonment. The MORB compositions were subsequently buried by younger enriched (E-MORB) and alkaline basalts derived from deeper melting and/or a more enriched source. We suggest that a period of rift failure, abandonment, and continued alkaline volcanism occurred on the southernmost Gorda Ridge, or on a series of short intratransform spreading-center segments during plate reorganization. Thus, the Mendocino transform fault provides a record of ridge migration, abandonment, and residual volcanism of the southern Gorda Ridge spreading system from 23 to 11 Ma.
INTRODUCTION
Transform faults have an important role in the dynamics of the global mid-ocean-ridge system. Transform faults are strike-slip faults that offset active spreading centers, thus creating a change in the melting regime along the mid-ocean ridge. In the vicinity of the fault, cold lithosphere is introduced adjacent to the hot, upwelling mantle of the mid-ocean-ridge axial region. Extensive cooling results in an increased degree of fractional crystallization and increases the depth of melting (Langmuir and Bender, 1984) . Transform faults also provide tectonic windows into crustal processes. Fault zones may expose crustal sections of variable ages in uplifted transverse ridges where younger, more buoyant crust is adjacent to older, denser crust. It is within these transform zones that relicts of the complexities of plate tectonics may be preserved and sampled. In the northeast Pacifi c Ocean (Fig. 1) , the Mendocino transform fault provides such a record into the tectonic and magmatic history of the area with the preservation of rocks and structural features associated with changing spreading-center regimes. This major structure consists of two transverse ridges (Gorda Escarpment to the east, and Mendocino Ridge to the west; Fig. 1 ), and has existed during the entire period of the breakup of the Juan de Fuca plate and development of the San Andreas fault zone, forming the boundary of the transform regime to the south and subduction regime to the north along the North American plate margin.
Prior to this study, the Gorda Escarpment section of the Mendocino transform fault has not been systematically sampled beyond dredge samples collected in 1964 by Krause et al. (1964) . For this study, basement exposures along the entire Gorda Escarpment and eastern part of Mendocino Ridge were examined and sampled during a series of remotely operated vehicle (ROV) dives to determine the lithology, age, and origin of these transverse ridges. Using fi eld observations, geochemistry, and age data, we ascertained whether these rocks are the result of (1) mid-ocean-ridge processes, near the transform zone; (2) tectonic slivering of the Pacifi c plate; (3) relicts of the rift propagation that created the Juan de Fuca-Gorda plate; or (4) rocks derived from ephemeral intratransform spreading axes. We conclude that crustal formation at the southern end of the Gorda Ridge was complicated by waning magmatic activity associated with the changing tectonics of the adjacent Mendocino transform-fault boundary.
GEOLOGICAL SETTING
The Mendocino transform fault is the major plate boundary between the Gorda plate (southern Juan de Fuca plate; e.g., Stoddard, 1987; Denlinger, 1992) and the Pacifi c plate (Fig. 1) . It is an active zone of dextral strike-slip motion separating the 6-8 Ma crust of the Gorda plate from the 28-30 Ma crust of the Pacifi c plate (Atwater, 1970 (Atwater, , 1989 . The eastern part of the Mendocino transform fault consists of Geochemical and age constraints on the formation of the Gorda Escarpment and Mendocino Ridge of the Mendocino transform fault in the NE Pacifi c two shallow transverse ridges that parallel the transform. A change in morphology occurs at ~126°W; for ~150 km to the west, the southfacing Mendocino Ridge rises to 1 km above the Pacifi c plate. This vertical offset is consistent with the more than 20 m.y. age difference between the Gorda plate and the Pacifi c plate.
To the east of 126°W, the north-facing Gorda Escarpment is ~80 km long and consists of sedimented, faulted basement blocks. At the Gorda Escarpment, the older Pacifi c plate is elevated up to 1.5 km above the younger Gorda plate, a depth relationship opposite to what would be expected of normal conductive cooling with age. The Mendocino transform fault continues beyond the southern terminus of the Gorda Ridge to form the Mendocino fracture zone, which extends ~3000 km into the Pacifi c Basin. The evolution of the Mendocino transform fault can be traced back to ca. 85 Ma as a discontinuity within the Farallon-Pacifi c spreading system (Atwater, 1989) . The eastern end of the present-day transform fault meets the San Andreas fault at the Mendocino triple junction (MTJ; Fig. 1 ). The triple junction is thought to have formed at ca. 27 Ma when the Farallon spreading ridge was subducted underneath the North American continental margin. The anomalously shallow NE corner of the Pacifi c plate at the Mendocino triple junction is the faulted "Vizcaino block," thought to represent an accretionary wedge that was formed during FarallonNorth American plate collision prior to 27 Ma and subsequently transferred to the Pacifi c plate after the initiation of the San Andreas transform fault (e.g., Griscom and Jachens, 1989) . To the west, at 127°30′W, the Mendocino transform fault meets the Escanaba Trough, the southernmost segment of the Gorda Ridge (Fig. 1) . The Gorda Ridge is a 300-km-long active spreading center (Clague and Holmes, 1987) , which created the crust of the Gorda plate.
A major plate reorganization of the Pacifi cFarallon spreading system occurred at ca. 30 Ma (Atwater, 1989) . On the basis of seafl oor magnetic anomaly data, Wilson (1988) concluded that north of the Mendocino transform fault there was a transition from stable ridge-transform fault confi gurations to periods of rift propagation (Hey and Wilson, 1982) , which led to abandonment of parts of the spreading ridge at 30 Ma and at 19 Ma. The Mendocino transform fault experienced a period of transtension between 24 and 19 Ma, slowly changing to transpression after 19 Ma. The Mendocino transform fault has likely experienced intervals with intratransform spreading centers, in the same style as the Blanco (Embley and Wilson, 1992) , Siqueiros (Perfi t et al., 1996) , and Garrett transform faults (Wendt et al., 1999) . The Gorda Ridge has a complex history due to changes in spreading rate, intraplate deformation of the Gorda plate, and reorientation of the ridge axis (Wilson, 1986 (Wilson, , 1989 . Given the complex tectonic history, either normal spreading or abandoned ridge segments within the transform system are plausible possibilities for the interval of 30-10 Ma.
Multichannel seismic data (Trehu et al., 1995 (Trehu et al., , 2003 and bathymetric data characterize the Mendocino transform fault as a series of east-west crustal slivers with signifi cant vertical relief between the Gorda and Pacifi c plates. The Mendocino Ridge is thought to be an uplifted transverse ridge of oceanic basalt that formed at the Gorda Ridge (Fisk et al., 1993) , with lithology and age relationships characterized by previous ROV and submersible investigation results (Fisk et al., 1996; Duncan et al., 1994) . Previous bathymetric and petrologic studies have shown that the Mendocino Ridge is composed of deformed basalts and crystalline rocks with a fl attened summit created by wave erosion during a time when the ocean crust was uplifted to sea level or above (Krause et al., 1964; Fisk et al., 1993) . The Mendocino Ridge is presumably derived from the Gorda plate (Fisk et al., 1993; Duncan et al., 1994; Krause et al., 1998) and was transferred to the Pacifi c plate by northward migration of the Mendocino transform fault.
The eastern end of the Mendocino transform fault, the Gorda Escarpment, has been seismically imaged as a series of sedimented crustal slivers. The Gorda Escarpment has been interpreted to be a relatively young (younger than 6 Ma) structural feature (Leitner et al., 1998) produced by compression across the Mendocino transform fault. The transpressional environment is the result of misalignment of the Mendocino transform fault compared to current regional plate motions that can be related to the nonparallel movement of the Blanco fracture zone in the north (between the Juan de Fuca and northern Gorda Ridges) compared to the Mendocino transform fault in the south (at the southern end of the Gorda Ridge).
SAMPLING METHODS AND SAMPLING SITES
In 2000 and 2001, eleven dives with the Monterey Bay Aquarium Research Institute (MBARI) ROV Tiburon were carried out to study the geological evolution of the Mendocino transform fault and to collect samples for petrologic, geochronologic, and geochemical analysis. All new samples were collected using the robotic manipulator arm of the ROV. The ROV dive tracks on the Mendocino transform fault were based on a Simrad EM300 30 kHz multibeam sonar mapping survey performed by MBARI in 1998 (Fig. 2) . ROV tracks were targeted on erosional gullies that were expected to provide exposures of the underlying basement rocks. Bright refl ectors observed on the backscatter data (see inset on Fig. 2 ; Stakes et al., 2002) were interpreted to represent exposed bedrock and were targeted as promising dive sites. Two of the dives were located on the Mendocino Ridge: one near the intersection of the Mendocino Ridge and the Gorda Escarpment (Dive T203), and another near the Escanaba Trough (Dive T347). These two dives were placed on the western Mendocino Ridge near the 1994-1995 dive sites of the Navy ATV (Advanced Tethered Vehicle) where outcrops of gabbro and diabase were sampled using the ROV manipulator (ATV81; ATV154; Duncan et al., 1994; Fisk et al., 1996) . Historical data from dredged samples include basalts from Fisk et al. (1993: CASC8, 9; FAN 25, 33, 36) . Many of the historical samples do not have complete geochemistry published, but comparisons are made where possible.
The Gorda Escarpment was sampled during eight ROV Tiburon dives (T202, T204, T205, T207, T208, T348, T349, and T353). These dive tracks were spaced as evenly as possible along the escarpment, targeting unsedimented areas as inferred from high-refl ective backscatter based on the EM300 data. Sampling from bottom to top of the fault scarp revealed gabbros, dolerites, basalts, and sediments, which together comprise a complete oceanic crustal sequence in three out of the eight dives. Most of the sampling locations yielded only normal tholeiite samples, while T208 and T353 yielded both tholeiites and alkali basalts (Fig. 2) . The samples collected from the Gorda Escarpment did not include any potential accretionary complex or continental material from the Vizcaino block (e.g., Franciscan sediments, serpentine or metabasalt, Salinian granite). Thus, the recovered samples did not include lithologies of the continental margin just to the south. Conglomerates and carbonate-welded breccias were present as vertical sheets separating more intact basalt, representing lithologies that might be expected within an active fault zone. Dive T208 contained extremely well-preserved pillow basalts overlying massive basalts with columnar jointing. Dive T353 located gabbros overlain by sheeted dikes. These observations suggest that at least locally the Gorda Escarpment includes relatively intact slices of oceanic crust separated by near vertical shear zones of highly deformed rocks. This picture is consistent with the published seismic transects across the Gorda Escarpment (Trehu et al., 2003) .
To supplement the Mendocino transform fault data set, six basaltic samples collected from the Morro Ridge, using the ROV Tiburon were also analyzed (T143; Tables 1, 2, 3). The Morro Ridge is a transverse ridge on the Morro transform zone and thus is a remnant of the partially subducted Monterey plate located offshore central California (Fig. 1) . The Morro Ridge is ~20 km from the intersection of the Morro transform with the fossil Pacifi c spreading center at Davidson Seamount ( Fig. 1 ; Davis et al., 2002) . Thus, Morro Ridge provides samples of the Pacifi c plate at 27 Ma and a Pacifi c equivalent of the fossil ridge-transform environment.
ANALYTICAL METHODS
A total of 72 igneous rock samples was collected and examined in thin section. Of these, 35 basaltic samples were chosen for X-ray fl uorescence (XRF) analyses of major elements, and inductively coupled plasma-mass spectrometer (ICP-MS) analyses of rare earth elements (REEs) based on hand specimen and microscopic examination. Samples were cleaned in distilled water in a sonic bath to remove vesicle and vein fi llings prior to any chemical analyses. The initial 35 samples showed primary mineralogy with less than 5% secondary minerals observed in thin section (see petrography). Of these samples, only 12 had total major-element concentrations above 98 wt% during the XRF analysis ( Table 1) . The 23 remaining samples had totals between 96 wt% and 98 wt%. All 35 were selected to characterize the igneous processes using the more immobile trace-element concentrations obtained by ICP-MS (Table 2) . REEs are considered to be relatively insensitive to alteration. The 12 samples that yielded totals >98 wt% were used to describe the major-element characteristics of the sample set. The XRF and ICP-MS facilities at the GeoAnalytical Laboratory of Washington State University were used in the study. Detailed description of methods, precision, and accuracy can be found at http://www.wsu.edu/~geology/ geolab/note.html (Knaack et al., 1994; Johnson et al., 1999) .
Six of the XRF analyses from the Mendocino Ridge reported in Fisk et al. (1993) are incorporated for comparative purposes in this study, but only major-element data are available for those samples. The XRF and ICP-MS analyses for the Morro Ridge samples (Tables 1 and 2) were also completed at the GeoAnalytical Laboratory of Washington State University.
Sawn pieces of seven whole-rock basaltic samples, and plagioclase and groundmass concentrates separated from an eighth sample from the Mendocino transform fault, were prepared at Oregon State University for 40 Ar incremental heating age determinations (Table 3) . Small cores (200 mg) cut from the freshest portions of the sawn surfaces, and plagioclase and groundmass wrapped in Cu-foil were loaded in evacuated quartz vials for neutron irradiation. Samples were irradiated for 6 h at 1 MW power at the Oregon State University TRIGA reactor. The total fl uence of fast neutrons in producing 39 Ar from 39 K was monitored with biotite standard FCT-3 (28.03 ± 0.16 Ma; Renne et al., 1998) . After decay of short-lived radionuclides, the samples were loaded in a glass manifold above a low-blank, double-vacuum resistance furnace, where they were dropped one at a time. Each sample was heated incrementally (6-9 steps) from 600 °C to fusion. The isotopic composition of Ar (masses 36, 37, 38, 39, and 40) at each temperature step was measured with an MAP 215/50 mass spectrometer. Further details of the experimental procedure are described in Duncan (2002) .
CLASSIFICATION OF MAJOR-AND TRACE-ELEMENT GEOCHEMISTRY
The basaltic rocks from the Mendocino Ridge and the Gorda Escarpment exhibit a broad range of compositions, from tholeiitic basalts (T202, T203, T204, T207, T208, T347, T348, T349, and T353) to alkaline basalts (T208 and T353), based on their total alkali versus silica content (TAS) (Fig. 3 ). Based on Karsten et al.'s (1990) and the TAS classifi cation schemes, the tholeiitic basalts rocks can be further divided into normal (N) mid-ocean-ridge basalts (MORBs) (Zr/ Nb >25), transitional T-MORBs (Zr/Nb 16-25), and enriched E-MORBs (Zr/Nb 9-16). Basalts with Zr/Nb of ~8 are generally considered to be mildly alkalic (Davis et al., 2002) . However, in this study, the E-MORBs and mildly alkalic (based on TAS) basalts of dive T208 both have Zr/Nb concentrations from 8 to 9. Dive T353 contained the most alkalic enrichment with Zr/Nb values of <8. Note: Selected major-element X-ray fl uorescence (XRF) data in wt%. Letters N, T, E, and A for rock classifi cation refer to normal (N) mid-ocean-ridge basalt (MORB), transitional (T)-MORB, enriched (E)-MORB and alkali basalt, respectively. Analyses were completed at Washington State University. Note: Selected rare earth element inductively coupled plasma-mass spectrometry (ICP-MS) data in ppm. Letters N, T, E, and A for rock classifi cation refer to normal (N) mid-ocean-ridge basalt (MORB), transitional (T)-MORB, enriched (E)-MORB and alkali basalt, respectively. Analyses were completed at Washington State University. . N is the number of heating steps (defi ning plateau/total); MSWD is an F-statistic that compares the variance within step ages with the variance about the plateau age (mean square of weighted deviates).
The rocks appear to form two chemical groups based on their major-element chemistry (Fig. 4) . The alkali basalts and E-MORBs are low in FeO (8-11 wt%), low in TiO 2 (2-2.3 wt%), and high in Al 2 O 3 (16-18.5 wt%). Their MgO concentration varies from 3 wt% to 4.7 wt%. The N-MORBs (including data from Fisk et al., 1993) show a variety of TiO 2 concentrations (1.1-3.9 wt%), low Al 2 O 3 (12.5-15.5 wt%), and high FeO (from 9 wt% to 16 wt%). Their MgO concentration varies from 5.3 wt% to 8.2 wt%. The only T-MORB in the major-element data set has 7.5 wt% MgO, high Al 2 O 3 (19 wt%), low TiO 2 (1.5 wt%), and low FeO (7.8 wt%). The K 2 O content increases systematically from N-MORBs to alkali basalts with the exception of the T-MORB and the most mafi c N-MORB. The Na 2 O content is approximately the same in the alkali basalts and E-MORBs (3.4-4 wt%) and lower in N-MORBs (2.6-3.3 wt%). Two N-MORBs form an exception with high Na 2 O (4.11 wt% and 3.7 wt%). The N-MORB with the highest Na 2 O (4.11 wt%) plots within the alkali fi eld on the TAS diagram (Fig. 3) . Traceelement data (discussed below) confi rm that this sample is indeed an N-MORB, and therefore the high Na 2 O is not likely to be a primary igneous feature. The T-MORB also has high Na 2 O of 4.1 wt%. SiO 2 and CaO are moderately variable within each geochemical group across the range of MgO values.
The chondrite-normalized rare earth elements (REE) refl ect great diversity in trace-element chemistry, with patterns that vary from depleted in light REE with respect to heavy REE (LREE/HREE < 1; La/Sm < 1; Ce/Yb < 1) compositions (N-MORB) to enriched light REE compared to heavy REE (LREE/HREE > 1; La/ Sm > 1; Ce/Yb > 1) compositions (T-MORB, E-MORB, alkaline samples) ( Table 2 
PETROGRAPHY
In thin section, the Mendocino transform fault rocks display an unusually broad variation in texture and mineralogy from basalts to gabbros. The main crystallizing phases present in the groundmass of the holo-and hypocrystalline tholeiitic basalts are plagioclase, clinopyroxene, Fe-Ti oxides ± apatite and olivine. Sub-to euhedral plagioclase and clinopyroxene are the main phenocryst phases present, with minor amounts of olivine. Zoning is present in some of the plagioclase phenocrysts, and less frequently in the clinopyroxenes. Subophitic intergrowth of plagioclase and clinopyroxene can be observed in the coarser-grained rocks, and quench textures dominate the fi ne-grained rocks. The gabbroic rocks contain mainly plagioclase, clinopyroxene, and minor olivine. Some gabbros contain primary amphibole where olivine is absent, which is not atypical for seafl oor gabbros (Stakes, 1991) .
A majority of the alkali basalts are vesicular and contain abundant plagioclase; however, only samples from T208 have large (up to 6 mm) sub-to euhedral plagioclase feldspar xenocrysts (corroded), and phenocrysts occur mainly as crystal aggregates in these samples. These large crystals exhibit complex zoning patterns. The plagioclase phenocrysts are set in a matrix of plagioclase, clinopyroxene, and minor olivine.
The gabbroic and diabasic rocks typically contain greenschist-grade secondary minerals that refl ect their early hydrothermal alteration by seawater. These minerals include varying proportions of epidote, chlorite, amphibole, zeolite, smectite, and prehnite. The most abundant secondary minerals are chlorite/smectite replacement of mafi c phenocrysts and albitization of plagioclase. Volcanic rocks more typically have low-temperature oxidative replacement of mafi c phases and glass to smectite/chlorite, along with vesicle fi llings of clay, carbonate, and (less commonly) sulfi de. Highly deformed volcanic rocks collected by diamond drilling from the ROV contain extensive mineralization within the brittle fracture network. Veins of carbonate and sulfi de are abundant in some of the deformed samples. More extensively altered volcanic rocks contained epidote and chlorite replacement of phenocrysts along with secondary veins of carbonate. Samples containing more than 5% of visible secondary phases were generally excluded from chemical analyses. Given that chlorite/smectite and carbonate were the most signifi cant secondary phases, we also excluded samples with high volatile contents.
GEOCHRONOLOGY
Age determinations from the 40 Ar-
39
Ar experiments were calculated in three ways (summarized in Table 3 ). Full data sets and plots from experiments are provided in the EarthRef Digital Archive (ERDA) at http://earthref.org/. First, age spectra (step ages versus temperature, represented by % 39 Ar released) were examined for evidence of concordant step ages for a majority of the Ar released in each sample (called a plateau). In four samples, T205-G2 (E-MORB diabase), T208-G5 (E-MORB), T208-G19 (E-MORB), and T348-G10 (T-MORB) groundmass, good plateaus were apparent and 
N (normal), T (transitional), E (enriched) mid-ocean-ridge basalt (MORB).
defi ned an age range from 12.2 to 16.3 Ma. In whole-rock samples T203-G9 (N-MORB) and T353-G4 (E-MORB), step ages decreased with increasing temperature as a result of irradiationinduced 39 Ar and 37 Ar recoil from K-and Carich sites within these fi ne-grained basalts. In such cases, the best estimate of crystallization age was the total fusion age, obtained by summing all the step compositions as if the sample had been heated to fusion in one step, comparable to a conventional K-Ar age. Hence, we report an age of 10.70 ± 0.28 Ma for T203-G9 and 23.10 ± 0.30 Ma for T353-G4.
Whole-rock samples T207-G6 (N-MORB) and T347-G16 (N-MORB) produced concave-up age spectra with no clear plateaus, which indicates contributions of undegassed (mantle-derived, "excess") Ar at the time of crystallization. In these cases, age calculations were derived from the correlation of the step Ar compositions ( Ar isochrons). For sample T207-G6 the isochron age is 19.51 ± 0.34 Ma; for sample T347-G16, the isochron age is 18.05 ± 0.43 Ma. These correlations also allowed us to determine the initial composition of Ar in the sample at crystallization, which was greater than the atmospheric value ( 40 Ar/ 36 Ar = 295.5). The suspected nonatmospheric initial Ar in samples T207-G6 and T347-G16 was confi rmed by 40 Ar/
36
Ar intercepts of 319 ± 5 and 306 ± 2. In these cases, we accept the isochron ages as better estimates of the crystallization ages. For the four samples that produced acceptable plateau ages, the isochron ages were concordant with the plateau ages, and initial 40 Ar/ 36 Ar compositions were atmospheric, confi rming the reliability of the plateau ages. The isochron ages have slightly larger fi tting uncertainties. Our new ages show that Mendocino Ridge rocks were erupted between 11 and 18 Ma, while Gorda Escarpment rocks formed between 12 and 23 Ma, which is signifi cantly younger than the age of adjoining Pacifi c plate crust (28-30 Ma), estimated from the identifi cation of marine magnetic anomalies (Atwater, 1989) .
PETROGENESIS
The rocks from the Mendocino transform fault are exceptionally heterogeneous in composition, including tholeiites and alkalic basalts with Zr/Nb = 7-47 and Ce/Yb(N) = 0.58-3.53. The alkaline nature of some of the basalts is refl ected both in the major-element data (high K 2 O + Na 2 O), and the trace-element data (low Zr/Nb), which support the argument that this is a primary igneous feature. The observed complex zoning patterns and corrosion of the plagioclase phenocrysts suggest magma mixing with periods of disequilibrium and resorption.
The major-element variations ( Fig. 4 ; Table 1) in Al 2 O 3 , FeO, Na 2 O, TiO 2 , and K 2 O, are consistent with the crystallizing phases (olivine + plagioclase + clinopyroxene) observed in thin section. The wide range of ) and lack of olivine as a major mineral phase suggest extensive crystal fractionation. The normal MORB fractionation path is refl ected in the systematic increase in FeO and TiO 2 with decreasing MgO (Perfi t and Chadwick, 1998) , a variation that can be seen in the Mendocino Ridge samples (at low MgO) and most of the Gorda Escarpment samples (at high MgO). However, at low MgO the alkalic basalts and E-MORBs are depleted in FeO and TiO 2 compared to the Mendocino Ridge trend. We suggest that this too is the result of extreme fractional crystallization. For example, high fO 2 values in the magma (from the source or crustal contamination) would result in an early crystallization of ilmenite and magnetite, driving the fractional crystallization trend toward lower concentrations of FeO and TiO 2 , as observed in these rocks. Simple models of crystal fractionation would similarly predict a systematic increase in total REE concentrations, as is also seen in each of the geochemical groups in Figure 5 . The N-MORBs also exhibit an increasing negative Eu anomaly due to plagioclase fractionation.
Liquid lines of descent were calculated using a computational crystal fractionation model Petrolog (Danyushevsky, 2001) . The less-mafi c N-MORBs (MgO < 7) appear to be related to each other by fractional crystallization of olivine and plagioclase at 1 × 10 5 Kpa (5 kbar). The proposed liquid lines of descent are shown in Figures 4B and 4C . The most mafi c basalt of the sample set could not be related to the rest of the N-MORB samples. We were also unable to relate the T-MORB to the rest of the samples using Danyushevsky's liquid line of descent calculation model. Based on the nonoverlapping REE patterns in Figure 5 , the T-MORB with lower REE concentrations (T204-G5) could have potentially come from the same source as the E-MORBs and alkali basalts from dive T208. However, there is a crosscutting relationship between the T-MORB (T204-G5 and T353 data [alkaline basalts]), and therefore the two cannot share the same mantle source. The second T-MORB sample presented on the REE plots cuts across all of the E-MORBs and alkaline basalts, and therefore cannot be related by a simple crystal fractionation model. The majorelement compositions of alkaline basalts and EMORBs could not be produced by fractionation of the more mafi c samples from the Mendocino transform fault, and therefore we rely on the REE patterns to interpret their relative relationships. The majority of the alkali basalt data cross over E-MORB data on the REE plots, with the exception of T208. The process of crystal fractionation clearly cannot explain the full range of compositional variation in these Gorda Escarpment suites. High fi eld strength elements (HFSE), such as Nb, Zr and Y, are highly incompatible, relatively insensitive to secondary alteration, and their ratios should remain constant during fractionation. Variations in the content of these elements can therefore be used to assess different mantle source regions and/or extent of partial melting. The variation of log Nb/Y versus log Zr/Y was exploited by Fitton et al. (1997) to distinguish N-MORB versus enriched mantle source regions beneath Iceland, with the plume-related compositions from the neovolcanic zone bounded by the two parallel lines shown in Figure 6A . The lower line (referred to as ΔNb = 0) separates the enriched mantle source (+ΔNb) from the MORB source (-ΔNb). We have added the average normal MORB (N-MORB), enriched MORB (E-MORB), and oceanic-island basalt (OIB) from an enriched mantle source, from Sun and McDonough (1989) , to this diagram for comparison; the MORB composition falls below, and both the E-MORB and OIB fall above, the ΔNb = 0 line. The Mendocino compositions similarly fall along two parallel arrays on the log Nb/Y versus log Zr/Y plot (Fig. 6A) . The offset between the two arrays suggests two mantle source regions, while the variation within the array refl ects variation in melt fractions, with smaller melt fractions occurring at higher values of Nb and Zr. One array of samples (EMORBs and alkaline basalts) falls on or slightly above the ΔNb = 0 line, suggesting a more enriched source region. Most of these samples fall in the region between the average Sun and McDonough (1989) E-MORB and OIB, suggesting that there must be an enriched mantle component. The second array of samples falls below the ΔNb = 0 line, suggesting a depleted source typical for N-MORB. Over half of the samples from the Gorda Escarpment plot in the enriched source fi eld, and all of the rocks from the Mendocino Ridge fall in the depleted source fi eld, with the exception of T203-15, which is more enriched in Nb and Zr.
Similar separation into enriched and depleted mantle source groups is depicted on the Nb/ Y(N) versus Ce/Y(N) plot (Fig. 6B) , and also on the Ce/Yb(N) versus Ce plot (Fig. 6C) . In addition to the depleted and enriched source regions, the Ce/Yb(N) versus Ce plot also shows several subtle positive trends at different Ce/Y(N) values as Ce increases to the right. These can be attributed to fractional crystallization, as the total REE compositions would increase with increasing fractionation of plagioclase and olivine. Two of the Mendocino samples, T348-G10 and T204-G5, plot within the depleted source, low melt fraction in Figure 6A , but fall into the enriched source region on both Figures 6B and  6C . The log-log plot of Figure 7A might better distinguish between small percentages of partial melting versus distinct mantle sources, although it is clear that both processes are required to explain the full range of Mendocino samples.
The trends observed on the Ce/Yb (N) versus Ce, the large variation in Ce/Yb, and the crossing rare earth patterns require additional processes, such as variable melt percentages or different source regimes, to explain their origins. Further, the alkalic and high-Al character of the basalts suggests an increased depth of melt segregation compared to MORB. Such large variations in major-and trace-element chemistry have also been noted for seamounts on the fl anks of the East Pacifi c Rise (Niu and Batiza, 1997) , which have been attributed to deeper heterogeneous source regions (Niu et al., 2002) . Langmuir and Bender (1984) suggested that the generation of magmas at an oceanic spreading center is profoundly impacted by proximity to a large-offset transform zone: Not only does the "cold edge effect" result in smaller magma bodies with more extensive cooling and crystallization within the axial magmatic system, but the presence of a transform zone also cools the subcrustal mantle, expressed by lower extents of melting and perhaps deeper melting near the ridge-transform intersection. The "transform-fault effect" would be refl ected in mixed magmas near the ridge-transform intersection that display a greater extent of fractionation and cooling (e.g., high FeO, TiO 2 , Zr) combined with elevated incompatible element ratios (e.g., alkali content, La/Sm, and Ce/Yb). Basalts that are high in FeO and TiO 2 but have Ce/Yb < 1 and Zr/Nb > 25 include N-MORBs from the Mendocino Ridge (Fig. 5) and from the northern Gorda Ridge axial valley (Fig. 5) (Davis and Clague, 1987; Keaten et al., 2001) . Basalts that we refer to as T-MORB (Zr/Nb 16-25) are close in composition to basalts from the magmatically waning Escanaba Trough at the ridge-transform intersection (Davis et al., 1998) (Figs. 3 and 5) . Rocks of intermediate composition, however, are less common in our suite than the strongly enriched E-MORBs and alkalic types.
Clearly the transform-fault effect has played a major role in the formation of the basalts high in FeO, TiO 2 , and LREE, and possibly even the alkali, enrichment. Comparative data of an andesite pillow basalt from the southernmost Juan de Fuca ridge-transform intersection (Cleft-Blanco system; Stakes et al., 2006) are presented in Figure 5 . The highly fractionated basalts, andesites, and dacites from the southernmost Cleft segment at its intersection with the Blanco transform fault are all related by extended crystal fractionation and cooling from a common source (Stakes et al., , 2006 Perfi t et al., 2003; Cotsonika et al., 2005) . The abundance of E-MORBs and alkali basalts, the crossing REE patterns, and high Ce/Yb populations for the Mendocino transform fault, however, suggest that magma may have been derived from melting of a deeper, more heterogeneous, source to variable extents. This is the other mechanism implicit in the transform-fault effect-the proximity of the transform perturbs the mantle melting regime to greater depths.
DISCUSSION
A majority of the rocks collected along the Mendocino transform fault were probably formed in an ridge-transform intersection environment, in which normal mid-ocean-ridge magmatism was modifi ed by extensive cooling and fractionation. However, other processes were probably involved in order to explain the full range of compositions. The abundance and extent of enrichment along the Mendocino transform fault appear to be anomalous for midocean-ridge or even ridge-transform intersection environments (Perfi t and Chadwick, 1998) . Cousens (1996) reported a variety of compositions from the Juan de Fuca Ridge. These ranged from highly depleted basalts from the Heck and Heckle Seamounts adjacent to the northern part of the ridge, to alkali basalts in the Pratt-Welker Seamount chain in the Gulf of Alaska. A variety of MORB compositions from N-to E-MORBs has also been reported from the Endeavor segment of the Juan de Fuca Ridge (Gill et al., 2005) . Cousens (1996) concluded that the enrichment present in the NE Pacifi c oceanic rocks may be due to the presence of hydrated, subducted oceanic crust, stored in the mantle. The LREE-enriched Endeavor samples compare well with some of the enriched Mendocino transform fault samples ( fault (Batiza and Johnson, 1980; Natland and Melson, 1980; Niu and Batiza, 1997) . The alkaline enrichment observed in our study compares well with the most evolved samples from the Siqueiros Seamount (Fig. 5) . Melankholina et al. (1994) reported a compositional range from N-MORBs to E-MORBs in rocks collected along the Mendocino fracture zone far west of the Mendocino Ridge (165°W and 145°W). These compositions appear to fall within or close to the same compositional range as in the rocks collected on the Gorda Escarpment and the Mendocino Ridge. Interestingly, the E-MORBs reported by Melankholina et al. (1994) were all collected on a small seamount adjacent to the fault. However, no alkaline compositions were reported at this location, and there is no direct evidence to support the presence of a seamount at the intersection of the Gorda Ridge and the Mendocino transform fault. Periods of transtension during regional plate reorganization might produce intratransform spreading centers. Such magmatism, described at the Siqueiros (Perfi t et al., 1996) , the Garrett (Hekinian et al., 1992; Wendt et al., 1999) , and the Blanco transform faults (Gaetani et al., 1995) , has generally been associated with primitive magmas (picrites). Such picritic lavas have been explained by off-axis remelting of upper mantle that had previously been depleted in incompatible element-enriched heterogeneities during melting beneath the ridge axis (Wendt et al., 1999) . The active spreading centers within the Siqueiros transform are now producing magmas that are mainly N-MORB in composition (Fornari et al. 1989) .
However, within an environment of active ridge migration, short intratransform spreading centers might tap deeper, less-depleted mantle sources. It is tectonically feasible that samples from the Gorda Escarpment formed on short, intratransform spreading segments. Magnetic anomalies east of 127°W become diffi cult to follow, and north of 40.2°N, which is also the southern limit of the Mendocino fracture zone, seafl oor ages are not constrained by mapped magnetic anomalies. Many patterns of seafl oor age from 40.2°N to the northern limit of the Gorda Escarpment are possible under an intratransform spreading model.
A compelling geochemical analogue for the Gorda Escarpment chemical variations is the Morro Ridge-Davidson Seamount system in the central California borderland (Figs. 1, 3 , and 5). The Morro Ridge samples are basalts created 29-30 Ma (Table 3) at a Farallon-Pacifi c spreading center near the intersection with the transform zone. These MORB compositions likely represent the basalts created at the spreading center before its abandonment. The failed rift is now capped by younger alkaline volcanics associated with Davidson Seamount. Batiza and Vanko (1985) suggested that the process of rift failure for the Mathematician spreading center resulted in alkalic magmas for up to 10-15 m.y. after the spreading center was abandoned and the waning mantle melting regime retreated to greater depths. Perhaps a similar period of rift failure occurred either on the southernmost Gorda Ridge, or on a series of short intratransform spreading segments during plate reorganization. The abandoned segments may have gone through an extended period of low-volume alkalic volcanism, similar to that described for the Mathematician Ridge and Davidson Seamount, before it was slivered along the transform by tectonic processes and ultimately transferred to the Pacifi c plate by the northward movement of the Mendocino transform fault (Fig. 7) .
The Mendocino transform fault was in extension from 24 to 19 Ma, during which time magmatism on the Gorda Ridge may have retreated from the transform fault leaving behind a segment of waning magmatism and extensive crystal fractionation. This was followed by a more stable period from 19 to 10 Ma, when the stress regime across the transform changed into transpression. During this period of compression, alkalic magmatism could have continued in decreasing abundance until the failed spreading segment was slivered onto the transform zone. Thus, the Gorda Escarpment does not provide a window into the Vizcaino block, but rather a record of the ridge migration, abandonment, and residual volcanism of the southern Gorda Ridge-Mendocino transform system from 23 to 11 Ma.
CONCLUSIONS
ROV observations and systematic collection of seafl oor rocks have constrained the origin of oceanic crust exposed in the transverse ridges of the Mendocino transform zone. A study of major-and trace-element chemistry supplemented by radiometric age determinations has led us to conclude that:
1. The slabs of ocean crust from either the Mendocino Ridge or the Gorda Escarpment did not originate from the Pacifi c plate, and certainly those from the Gorda Escarpment do not represent an accretionary wedge. The range of ages (11-23 Ma) is younger than rocks from the adjacent Pacifi c plate.
2. The geochemistry of Gorda Escarpment rocks shows much more variability than the Mendocino Ridge; this is especially apparent in the E-MORB and alkalic basalt compositions. Variations in alteration-resistant trace-elements Nb, Y, Ce, and Zr indicate at least two mantle 3. There is evidence of extensive cooling and fractionation predicted by the transform-fault effect of Langmuir and Bender (1984) . Alkaline and high-Al compositions also argue for melts from a greater depth and smaller degrees of partial melting than are characteristic of a normal mid-ocean-ridge environment.
4. The formation of an alkaline seamount at a ridge-transform intersection that was then captured within the transform zone would explain some of the geochemical variability.
5. The transform-fault effect is a realistic explanation for the extensive fractionation needed to produce compositions high in FeO, TiO 2 , and REE. However, the alkaline compositions with high Ce/Yb suggest derivation from a failed spreading segment that was slivered onto the transform zone between 23 and 11 Ma. The Mendocino transform fault was in extension from 24 to 19 Ma, when magmatism may have waned adjacent to or within the nodal basin of the transform zone. From 19 to 11 Ma, when the stress regime across the transform changed into transpression, alkalic compositions continued to erupt after the spreading was abandoned and until the failed spreading segment was slivered onto the transform zone.
Thus, the crustal slices exposed on the transverse ridges of the Mendocino transform fault provide a record of the history of the southernmost Gorda Ridge during a period of ridge migration, abandonment, and residual volcanism from 23 to 11 Ma.
